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Department of Electrical Engineering, 
Okayama University, Okayama 700, Japan 
ABSTRACT 
The error inherent in the T-8 method due to 
cancellation between the current vector potential T 
and gradQ terms has been investigated by solving 
typical models. It is concluded that although in 
general, the error increases with increase in 
permeability, the eagnitude of the error is negligibly 
small, if the calculation is carried out in double 
precision. 
1. INTRODUCTION 
The T-Q method[l-4] has an advantage that the 
computer storage and the CPU time are smaller than 
those of other methods[51, when the percentage of the 
conductor region to the whole region is small. It has 
been pointed out, however, that an error occurs in 
calculating the magnetic field, when the permeability 
of magnetic matet-ial is high. This error is due to 
cancellation between the current vector potential T 
and gradS2[1]. Although T.W. Preston et al.[l] have 
discussed this error, the details of their results, 
such as the magnitude of the error, are not reported. 
Therefore, it is not clear whether the error is 
acceptable or not. A.G. Jack et al.[2] have also 
examined the error quantitatively. The effect of 
permeability on the error, however, has not been 
investigated in detail, so that the allowable range of 
permeability is not clear. 
In this paper, the cancellation error is examined 
using not only an axisymmetric simple model but also 
a three dimensional actual one. The effect of 
permeability on the error of the T-Q method is 
quantitatively examined using the simple model under dc 
and ac excitations. The errors in single precision and 
double precision are also investigated. The allowable 
range of permeability is discussed. Moreover, the 
magnetic field of the IEEJ mode1[6,7] is analyzed, and 
the calculated results are compared with measured ones. 
2. CANCELLATION 
In the T-Q method, the magnetic field intensity 
H is denoted by the following equation[4]; 
H is very small in the iron part with high 
permeability. In such a case, the absolute value of T 
is nearly equal to that of grads, and the direction of 
T vector is opposite to that of -gradQ. If H is 
calculated by using Eq.(l), there occurs a round-off 
error due to subtraction of two similar quantities. 
Such an error is called "the error due to 
cancellation"[ 11. 
The error due to cancellation becomes remarkable 
when the permeability of magnetic material is 
increased, because the absolute value of T becomes 
very near to that of gradQ. 
JH=T-gradQ (1) 
3. MODEL FOR INVESTIGATING ERROR DUE TO CANCELLATION 
The model for investigating error due to 
cancellation should be decided from the following 
viewpoints: 
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(1) The model has an analytical solution. 
(2) The error due t o  other factors except 
cancellation, such as an error due to an 
insufficiently fine mesh, should be negligibly 
small. 
The model shown in Fig.1 satisfies the 
requirements mentioned above. This model is an 
axisymmetric model, and a cylindrical core is 
surrounded by an infinitely long exciting coil. 
The distributions of magnetic field and eddy 
current in the cylindrical core are analyzed. The coil 
is excited by dc and ac source (50Hz, sinusoidal). The 
ampere turns AT of coil per unit length is 103AT/m. 
The conductivity of the core is 0.7x107S/m. Magnetic 
saturation of the core is neglected. The analyzed 
region is a-b-c-o-a. The numbers of elements in the 
cases of dc and ac excitations are 400 and 8000 
respectively. As the current flows only in the 8 -  
direction, only the e-component of the current vector 
potential is taken into account. The z-component Toe of 
the current vector potential To corresponding to the 
magnetizing current density is defined as shown in 
Fig.2[4]. Dirichlet boundary condition of !2 is given 
on the boundaries a-b and 0-c,  because the magnetic 
field is perpendicular to them[8]. Neumann boundary 
condition of Q is given on the boundaries a-o and b-c. 
( 3 )  The CPU time is short. 
Z 
I .  . L  
: :  
I I air 1\11 analyzed region : a-b-c-o-a 
n&J ~~- 
Fig. 1 Analyzed model. 
0 
Fig.2 Distribution of Toz. 
198$01.00 0 1990 IEEE 
699 
10-5 
10-6 
10-7CI 
10-8 
10 -9 
4. EFFECTS OF PERMEABLLITY ON ERROR 
, When the permeability of core is high, the error 
due to cancellation occurs as mentioned in Section 2. 
Then. the relationship among the permeability, Toz and 
an/ a z  is investigated. a8/ a z  is the z-component, 
of grad8 . 
Figure 3 shows the distributions of Toz and 
aL2/ a z  along the z-axis under dc excitation. Figure 4 
shows the z-component Hz of H calculated by Eq.(l). 
When the relative permeability u s  is high enough, the 
absolute value of a8/ ij’z considerably approaches that 
of Toz, and Hz is nearly equal to zero inside the core. 
Let US examine the error of the average magnetic 
field intensity on the line 0-c in Fig.1. This is 
because ah analytical solution exists only in the 
average magnetic field intensity on the line 0-c under 
ac excitation, and the error due to an insufficiently 
fine mesh is very small, because the flux distribution 
is uniform. Figure 5 shows the effects of , u s  on the 
error E of Hz. & is defined by; 
- 
- dc excitation 
n - n l-4 
Y Y - U  Y rl 
- 
I 
where Hzc shows the average magnetic field intensity 
on the line 0-c, which is obtained by the T-8 method. 
Hzo is the analytical solution given by; 
2AT Hzo=- l+ps (3) 
where AT is the magnetomotive force. 
In the case of single precision ( 3 2  bits), the 
error increases exponentially with increase in us as 
shown in Fig.B(a). In the case of ac excitation, the 
ICCG method[9] does not converge when / I S  is over lo2 
as shown in Fig.5(a). The error for ac excitation is 
larger than that for dc excitation. This is because 
the magnetic field intensity in the core under ac 
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Fig.3 Distributions of Toz and aR/az on 
the z-axis (dc excitation). 
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(a) dc excitation (b) ac excitation 
Fig.6 Qui-potential lines (ps=lOOO). 
excitation is considerably smaller than that under dc 
excitation due to skin effect except the part near 
surface(b-c) as shown in Fig.6, which shows flux 
distributions obtained using the Ae method[lO]. 
In the case of double precision ( 6 4  bits), the 
error becomes negligibly small as shown in Fig.5(b), 
especially in the case of dc excitation. 
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5. EXAMINATION BY A TYPICAL 3-D MODEL 
The error due to cancellation is examined using a 
typical 3-D model. The IEEJ(1nstitute of Electrical 
Engineers in Japan) mode1[6,7] shown in Fig.7 which is 
a 3-D static model with high permeability core is 
analyzed by using the T-Q method. The magnetic field 
intensity is compared with measured results. 
5.1 3-D model and analysis 
The rectangular open core is surrounded by a dc 
exciting coil with 457 turns. 3000AT is applied. A 
magnetic shield box made of steel covers the model. The 
thickness t is chosen as 1.6mm. The relative 
permeabilities of the core and the shield are assumed 
to be 1000. 
1st-order tetrahedral elements are used in the 
calculation. The number of elements is 27279. As the 
model is symmetric, 1/16 of the whole region shown in 
Fig.9 is analyzed. Dirichlet boundary condition ( 8 = 0 )  
is given on the boundary o-d-e-o, because the magnetic 
field is perpendicular[8]. Neumann boundary conditions 
are given on the other boundaries. The double precision 
is used in the analysis. 
5.2 ComDarison of results analyzed and measured 
The average flux densities are measured at the 
positions@and@in Fig.8 by using search coils. The 
flux distribution is not uniform and there is no 
cancellation error at the position@) because the T o  
is not defined on this position. The distribution of 
T o  is similar to that in Fig.2. Those are the reasons 
why the position 1 is chosen. As the flux distribution 
insufficient mesh can be ignored. The error due to 
cancellation is remarkable at@ Those are the reasons 
why the position@is chosen. 
Table 1 shows the comparison of the calculated and 
measured results of the average flux density at 
positions @ and@ The error E *  is defined by the 
following equation: 
is uniform on Q he position @ the error due to 
E*= calcuhted-measwedxlm 46 
measured (4) 
It can be seen that the error due to cancellation is 
not remarkable. 
Positions @ to @in Fig.8 are chosen as the 
examined points in the air. As the active area of the 
Hall probe is not sufficiently small, the flux density 
cannot be measured accurately at the points where the 
amplitude and direction of flux density vector change 
suddenly. Therefore, the points@to@ where the flux 
distribution is not so irregular are chosen. 
The error E *  at the position@is not so large 
compared with the other points. The discrepancies 
between the calculated and measured results may be due 
to coarse mesh. 
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Fig.7 IEEJ model. 
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Fig.8 Examined points. 
Fig9 Analyzed region and boundary conditions. 
Table 1 Comparison of average flux density 
calculated 
@ I 0 I 1458 I 1407 I 3.6 
Table 2 Comparison of f l u x  density 
point 
240.0 
298.1 -3.7 
355.0 - 5 . 4  
6. CONCLUSIONS 
The error in the T-8 method due to cancellation 
has been examined. It, was found that the error 
increases exponentially with increase in permeability, 
and that the error can be reduced to a negligibly small 
value by calculating in double precision. 
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